Summary
Introduction
Oligodendrocyte regeneration following injury in human central nervous system remains a pivotal issue in the treatment of demyelinating diseases, especially multiple sclerosis (Hunter and Rodriguez, 1995; Hunter et al., 1997) . Studies of adult human oligodendrocyte progenitors in vivo have not previously been performed. New strategies for myelin repair require additional information about the potential for the proliferation and migration of these cells. We have found that patches of myelinated retina in humans provide a unique model for the quantitative study of human oligodendrocyte We propose the following hypothesis. Patches of retinal myelin are formed by the clonal progeny of a few founding oligodendrocyte progenitors which enter the retinal nervefibre layer, migrate and expand under local axonal influence.
The normally unmyelinated primate retina provides a paradigm for the behaviour of oligodendrocyte lineage cells and an opportunity to observe myelination. The retinal nervefibre layer consists of ganglion cell axons traversing the superficial retina to converge at the optic nerve head, where they turn posteriorly, passing through the dense astrocytic processes of the lamina cribosa. This structure probably prevents retinal myelination (Berliner, 1931) , presumably by preventing entry of migratory oligodendrocyte progenitors (ffrench-Constant et al., 1988) . Consistent with this theory, the normally unmyelinated retina of rats also myelinates when immature oligodendrocyte lineage cells are engrafted (Huang et al., 1991) and posterior to the lamina cribosa all ganglion cell axons become myelinated by oligodendrocytes. Proliferative and migratory oligodendrocyte progenitors produce oligodendrocytes in the rat optic pathways (Raff et al., 1983; ffrench-Constant and Raff, 1986) .
Variations of axonal anatomy, organization and thickness in the retinal nerve-fibre layer present an opportunity to study neuron-oligodendrocyte interactions, as neurons and axons play a crucial role in vivo in development of oligodendrocytes from undifferentiated, proliferative progenitors (Fulcrand and Privat, 1977; David et al., 1984; Barres and Raff, 1993) . A specialization of the primate retinal nerve-fibre layer is the papillomacular bundle, which traverses from the macular region to the temporal disc margin ( Fig. 1A ; Hoyt and Tudor, 1963) . This region is bounded inferosuperiorly by the arcuate fasciculi and temporally by the temporal raphe (Vrabec, 1966) . The nerve-fibre layer is thickest (200 µm) where the arcuate fasciculi converge on the disc (Fig. 1A and B) , and larger laminar pores admit these bundles to the optic nerve (Quigley and Addicks, 1981; Jonas et al., 1991) . The nervefibre layer declines exponentially in thickness with distance from the disc ( Fig. 1B ; Radius, 1980; Ogden, 1983) and is partitioned by Müller glia into ophthalmoscopically visible fascicles which radiate from the optic disc (Hoyt et al., 1972; Radius and Anderson, 1979 ).
We present quantitative data which support our hypothesis and suggest a theoretical model for the behaviour of human oligodendrocyte progenitors and their regulation by axonderived signals. Our findings also suggest a three-phase model of human myelination. We provide estimates for the size and growth of a clonal population of oligodendrocytes derived from founding oligodendrocyte progenitors in the CNS.
Methods

Identification of cases
Using the photographic index in the Department of Ophthalmology at the Mayo Clinic, we identified photographs of retinal myelin taken from 1972 to 1996. A total of 60 discrete patches were studied in 47 eyes of 37 adults and two adolescents. The characteristics of the study population are given in Table 1 . Medical histories were reviewed to determine the reason for referral, the best corrected visual acuity and ocular comorbidity, and to confirm the patch position. In cases of serial photographs, the patients were either followed for research studies (diabetics with mild background retinopathy) or choroidal nevi. All photographs were reviewed by a neuro-ophthalmologist (J.A.L.) to confirm the diagnosis of myelinated fibres. Patches were typed and classified as described in Table 1 .
Photography
Retinal photography was performed with either a 30°fi eld (ϫ2.5; Zeiss Fundus Camera) or a 60°field (ϫ1.7; Canon CF507A Fundus Camera) onto 35-mm colour positive film.
Digital image analysis
The 35-mm colour positives were digitized in colour at high resolution (600ϫ800 pixels for 24ϫ32 mm image) using a LeafScan 45 scanner (Leaf Instruments, Southborough, Mass., USA) at 25 pixels per mm of film. Usually a pixel corresponded to a retinal distance of 16 µm (with 30°view) or 23.5 µm (with 60°view) in both vertical and horizontal dimensions. Higher resolution of smaller areas of the photographs was used for studying serial images of the same patch (6.1-8.8 µm retina per pixel). Interactive planimetric measurements were made from the green channel of the digitized image, permitting excellent discrimination of retinal myelin and the normal retinal nerve-fibre layer. Measurements were performed by a single investigator (S.F.H.) using KS400 image analysis software (Kontron Electronik Gmbh, Munich) on a Pentium PC with Windows 3.1. The area of each separate patch was determined by tracing the outline of the patch, and pixels were converted to square millimetres. When multiple retinal patches were present, they were analysed separately, but contiguous areas of myelination were not divided for analysis. A distance of the patch centroid from the disc edge was computed when possible, and estimated when not directly measured.
For measurements of serial photographs, three or six independent measurements were made of each photograph with resulting coefficients of variation of 2-10%. For these cases, measurements were made for both lightly and densely myelinated regions. The former were marked at the outermost perceptible change of the nerve-fibre layer and the latter as the area which partially or completely obscured underlying retinal structures. Least-squares regression lines were calculated using an iterative Marquardt-Levenburg method through the serial area measurements for both the lightly and heavily myelinated regions. The fit was constrained so that both regression lines had a common origin on the time axis. This provided an unbiased extrapolation of calculated age at initiation of myelination. We used a second, intensity-based method to confirm patch growth. Selected digitized images of patches at early and late timepoints were registered and pre-processed to produce identical intensity of highlights, shadows and mid-range tones of the green-filtered images. A sharp border to the patch edge was defined by adjusting the black level to zero and the contrast to a level which produced a binary image with an edge between the observed lightly and densely myelinated zones. This edge was overlaid on both the early and late timepoint images to demonstrate advancement of myelination.
Estimates of patch volume
Patch volume was estimated as the product of the measured retinal area and the estimated nerve-fibre layer thickness in the patch position. We used Ogden's published atlas for primate retina ( Fig. 1B ; Ogden, 1983) to estimate the nervefibre layer thickness. This extensive map has evenly spaced determinations, making it ideal for mapping nerve-fibre layer thickness of patches. The patch was sketched over the map, and values at covered points were averaged to yield a mean estimated thickness. Thus, the estimated thickness and volume of patches were equivalent to those of an unmyelinated region of nerve-fibre layer in the normal primate eye. The number of oligodendrocytes per patch was estimated as follows. Nerve-fibre layer volume (µm 3 ) was multiplied by the fraction of axonal volume (0.6). This result can be considered as a product of axonal cross-sections (in µm 2 ) and axonal length (in µm) and converted to total axon length (in µm) by dividing by an average axon cross-section of 1 µm 2 . The total axon length was divided by 175 µm of axon length per internode to yield internodes per patch, and this figure is divided by 20 internodes per oligodendrocyte to yield the number of oligodendrocytes per patch.
Results
Three distinct myelination patterns occur
Retinal myelination occurred in only three patterns ( The nerve-fibre layer determines the appearance and area of patches
Composite plots of retinal patches demonstrated a consistent pattern (Fig. 2) . Although the papillomacular bundle contains 25% of all retinal axons (Potts et al., 1972) , myelin completely spared this region in the 56 type I and II patches, and relatively spared this region in the other four patches (type III). All other regions had the potential to become myelinated, although type II patches spared the more proximal, and thicker, arcuate fasciculi. Instead, type II patches occurred in nerve-fibre layer with an estimated thickness of Ͻ30 µm (Fig. 4A) . Patches of the same type in similar locations were similarly sized (Fig. 4B ). For type I and II patches which did not circumscribe the optic nerve head, the area correlated with increased distance of the patch centroid from the disc edge (r ϭ 0.69, Spearman's rank correlation; Fig. 4C ). Nerve-fibre layer thickness correlated inversely (r ϭ Ϫ0.65, Spearman's) with patch area for both type I and type II patches (Fig. 4D) . Thus, nerve-fibre layer thickness determined in part the area of the patch, and specific quanta of myelinated tissue could then be estimated.
Quantal volumes of retinal myelination
We estimated the equivalent volume of normal retina which was myelinated for all 60 patches using local nerve-fibre layer thickness of an unmyelinated primate retina. The probability distribution histogram for patch volume revealed discrete peaks and a multimodal pattern (Fig. 5A ). Peaks were localized at volumes which are powers of two (or sums thereof) from the prominent mode at 0.64 mm 3 . The second largest peak occurred at 0.12-0.16 mm 3 . The smallest patch volumes were type II patches (Fig. 5B) . Age also had an effect, as 13 out of 15 of the smallest patch volumes (Ͻ0.4 mm 3 ) occurred in individuals who were Ͻ45 years old.
New myelin is formed in adulthood
Four eyes with type I and II patches had not been found to have myelin on previous dilated examinations 1-44 (median 13) years prior to photography, again suggesting possible patch origin and growth in adulthood. We studied serial photographs of five type I and II patches over 6-11 years in four adult eyes. Progressive enlargement was observed in all patches, even in the sixth decade of life (Figs 6 and 7). Linear growth of patch area was observed in both densely and lightly myelinated zones. Extrapolation of the growth patterns by least-squares regression to a common point on the time axis indicated an origin in childhood, adolescence, or adulthood, depending on the patch (Fig. 6 ). An intensitybased method was used to confirm advancement and intensification of myelination in selected cases ( Fig. 7C  and D) . 
Discussion
The asymptomatic developmental variant of limited retinal myelination in humans probably occurs because of a minor failure to prevent entry of oligodendrocyte lineage cells. This function is normally performed by a barrier at the distal end of the optic nerve, either the lamina cribosa (Berliner, 1931) or a similar anatomical structure (ffrench-Constant et al., 1988) . These patches seem to represent a natural experiment which illustrates developmental mechanisms important in myelination. Several anecdotal reports have documented the appearance or enlargement of myelin patches in children (Baarsma, 1980; Aaby and Kushner, 1985; Ali et al., 1994) , whereas patches in adults have previously been thought to be stable (Straatsma et al., 1981) . Retinal myelination usually occurs asymptomatically as a developmental variant in Ͻ1% of human eyes, although~10% of these cases show extensive myelination with ipsilateral myopia, amblyopia and strabismus (Straatsma et al., 1979 (Straatsma et al., , 1981 Kodama et al., 1990) . Even though human retinal myelin is not contiguous with the optic nerve myelin, oligodendrocytes produce the myelin found in both the human and the normally myelinated rabbit retina (Berliner, 1931; Straatsma, 1981; Reichenbach, 1988; Yanoff and Fine, 1989) . Retinal myelin degenerates following axonal injury to the optic pathways (Sachsalber, 1905; Bachmann, 1921; Schachat and Miller, 1981) ; two of our patients had partial regression due to optic nerve injury. Fascicular atrophy of myelin has been observed following optic neuritis (Sharpe and Sanders, 1975), similar to nerve-fibre layer loss in the unmyelinated retinas of multiple sclerosis patients (Frisen and Hoyt, 1974) .
Our study indicates that adulthood may not be an absolute obstacle to oligodendrocyte production in human optic pathways, although the spread of myelination is quite slow. Others have failed to notice the growth of patches in adults, possibly due to inadequate sampling and magnification. The progressive myelination of retina may be analogous to progressive myelination of the intracortical plexus and reticular formation throughout human adolescence and adulthood (Yakovlev and Lecours, 1967) .
Slow growth at the distal edge and myelination distant from the optic nerve head (type II patches) support the founding and growth of patches by a small number of oligodendrocyte progenitors exhibiting two behaviours. First, some founding progenitors migrate prior to generating oligodendrocytes, and may be the equivalent of the highly proliferative, motile, 'neonatal' rat oligodendrocyte (O-2A) progenitor (Raff et al., 1983 (Raff et al., , 1988 Noble and Murray, 1984; Small et al., 1987; Curtis et al., 1988; Hunter and Bottenstein, 1989) . Secondly, the appearance of new myelin at patch edges requires persisting progenitors which slowly generate new oligodendrocytes, but migrate only short distances along or across unmyelinated axons. These stable, slowly differentiating 'mature brain' progenitors migrate and proliferate much less than the 'neonatal' phenotype, but emerge from populations of neonatal progenitors in vitro (ffrench-Constant and Raff, 1986; Hunter and Bottenstein, 1989 Wolswijk and Noble, 1989; Wren et al., 1992) . Mature brain progenitor behaviour may be partially determined by trophic signals during development (Hunter and Bottenstein, 1991; Tontsch et al., 1994) , and in vitro evidence suggests that these cells divide assymetrically to renew the progenitor cell and to produce differentiated oligodendrocytes (Wren et al., 1992) .
Although others (Armstrong et al., 1992; Gogate et al., 1994) theorize that new oligodendrocytes in adult humans arise from a reserve of post-mitotic 'pre-oligodendrocytes', increases in retinal myelin over many years are most likely explained by birth of new oligodendrocytes. The potential for two progenitor behaviours may already exist in human foetal life, since some second-trimester, human oligodendrocyte progenitors differentiate quickly into oligodendrocytes in vitro, while others remain undifferentiated (Kennedy and Fok-Seang, 1986 ). However, proliferative oligodendrocyte lineage cells in adult humans are either absent (Armstrong et al., 1992; Gogate et al., 1994) or Ͻ1% of this lineage (Prabhakar et al, 1995; Scolding et al., 1995; Hunter and Rodriguez, 1996) . Whether this tiny fraction of cells produces new oligodendrocytes has been a crucial issue, since mature human brain oligodendrocyte lineage cells do not make myelin in the demyelinated rat spinal cord (Targett et al., 1996) , whereas embryonic human CNS cells produce normal myelin in a dysmyelinating mutant (Gumpel et al., 1987) .
Retinal myelin patches also show that a subpopulation of axons directs either migration, proliferation or survival of oligodendrocyte progenitors. Our data imply that the papillomacular bundle does not support oligodendrocyte progenitors in the retina, as shown by absence of retinal myelin from this distinct axonal subpopulation (Potts et al., 1972) . The papillomacular bundle has a very small proportion of large axons (median 0.5 µm diameter) in contrast to nasal bundles or arcuate fasciculi (0.8-0.9 µm; Ogden, 1984) . Oligodendrocyte progenitors best align their processes on grooved substrates which are of comparable size to larger, unmyelinated axons (Webb et al., 1995) . In addition, phylogenetically younger regions, such as the papillomacular bundle, may become myelinated later as they do elsewhere in the CNS (Minckler and Boyd, 1968) . It is unlikely that the lamina cribosa prevents oligodendrocyte progenitors from entering the temporally placed macular fibres more efficiently, since temporal and nasal laminar pores are similarly sized (Quigley and Addicks, 1981; Jonas et al., 1991) , and the nasal disc and retina frequently become myelinated whereas the temporal macular fibres do not.
Local axonal mass could be responsible for the switch of progenitor migratory behaviour. Type II patches appear to be founded by a premyelinating, migratory cell which stops its migration and begins myelination upon entry into thinner nerve-fibre layer. This behaviour may mimic the cessation of proliferation and differentiation of neonatal rat oligodendrocyte progenitors caused by loss of trophic signals in vitro (Raff et al., 1988; Hunter and Bottenstein, 1989) . Nerve-fibre layer thickness (axonal mass) seems to have an ongoing influence on patch development, since the smallest patch volumes occurred in thin nerve-fibre layer of younger individuals.
Similar patch sizes in similar retinal regions indicate that a developmental mechanism limits the amount of myelinated tissue. The nature of the defect in the barrier in the distal optic nerve is unclear but appears limited in most cases; molecular signals have been described which inhibit oligodendrocyte progenitor migration (Kiernan et al., 1996) . Estimates of the volume of involved nerve-fibre layer show a striking pattern consistent with quantal myelination. These findings support our hypothesis for retinal myelin origin from only a few founding oligodendrocyte progenitors, implying that ultimate patch size is largely determined early in development. Our volume estimates are not of the exact volume of the myelinated patch, since we cannot account for expansion of the nerve-fibre layer secondary to myelination, partially myelinated fascicles or minor variations in Müller cell and astrocyte volume (Ogden, 1984) . However, we can compare patch volumes of the equivalent nerve-fibre layer in a normal primate eye, assuming that patches contain similar fractions of myelinated axons and glia.
Based on our observations, we propose that human CNS myelination occurs in three phases. First, dissemination of the oligodendrocyte lineage takes place as the premyelinating, migratory oligodendrocyte progenitors move longitudinally on larger axons. These first progenitors may cease migration when a local axonal signal declines below a critical threshold. In the second phase progenitors generate oligodendrocytes responsible for early myelination and mature brain progenitors. In the third phase, consolidation of myelination occurs as the mature brain progenitors migrate only short distances, slowly producing myelinating oligodendrocytes. This scheme is consistent with the small degree of myelination in foetal life (Yakovlev and Lecours, 1967; Weidenheim et al., 1996) , rapid myelination in the first postnatal year and subsequent slow progression of myelination, reaching essentially an adult pattern at five years of age (van der Knaap and Valk, 1995) , although histological myelination contines to progress in adulthood in some regions (Yakovlev and Lecours, 1967) .
These volumes of involved nerve-fibre layer permit estimates of clonal progeny of oligodendrocytes from a single progenitor in vivo. Using the smallest type II patch volumes (0.06 mm 3 ), an astroglial volume content of 40% (Ogden, 1984) , 20 internodes per oligodendrocyte, 175 µm per internode (Butt and Ransom, 1989) and an average axon cross-sectional area of 1 µm 2 (Potts et al., 1972) , we estimate that there are 10 4 oligodendrocytes in these patches (see Methods). The smallest type I patches generate a fourfold greater figure, and the modal patch volume (0.64 mm 3 ) represents~10 5 oligodendrocytes. Patch growth is probably the consequence of multiple proliferative progeny which arise from founding cells. Assuming a neglible loss of oligodendrocytes and growth of the type II patch (Fig. 6 ), we estimate a birth rate of 10 3 oligodendrocytes per year with a population doubling-time of~10 years. Assymetric progenitor division every 7 days would mean~0.2% of the oligodendrocyte population are progenitors.
